We experimentally and theoretically study the controlled coupling between localized and delocalized surface plasmon modes supported by a multilayer metallic photonic crystal slab. The model system to visualize the interaction phenomena consists of a gold nanowire grating and a spatially separated homogeneous silver film. We show that plasmon-plasmon coupling leads to drastic modification of the optical properties in dependence on the chosen geometrical parameters. Strong coupling and plasmon hybridization can be clearly observed. The numerical calculations reveal excellent agreement with the experiments.
It is well-known that the interaction between electromagnetic radiation and electric dipole resonances can be strongly altered in the presence of a nearby reflecting metal surface [1] . Shifts of the resonance frequencies as well as lifetime modifications have been observed in dependence on the dipole-surface separation. In particular, systems which are composed of a dipole-active layer (e.g., metal island films) placed in front of a metal mirror have been extensively investigated [2, 3] . A very interesting alternative situation may arise when the studies are extended to more complex structures which incorporate a spatial ordering of the dipole ensemble, e.g., a periodic dipole arrangement [4] . We propose a metallic model system to study the influence of such periodicity on the optical response of the multilayer system. Noble metal nanowires are used as elementary dipole oscillators in our experimental and theoretical studies. The optical response of the individual metal nanowires in TM polarization (magnetic field oriented parallel to the wires) is generally characterized by localized particle plasmon resonances which are a consequence of the collective oscillation of their conduction band electrons.
A schematic view of the metallic photonic crystal slab is depicted in Fig. 1(a) . Electron-beam lithography and thermal evaporation are used to deposit a one-dimensional gold nanowire grating on top of the SiO 2 spacer layer. The thin spacer layer of thickness sp L spatially separates the gold grating from the underlying 20-nm-thick homogeneous silver film covering the quartz substrate. The grating extension was restricted to 100 100 ¥ µm 2 . A scattering-matrix formalism has been employed for all numerical calculations [5] . Only the geometrical properties of the structure and the dielectric susceptibilities of the constituent materials are required as input parameters [6] . It is important to remark that an optimized gold nanowire cross-section of 100 15 ¥ nm 2 has been used for all scattering-matrix based calculations. This slight deviation from the experimentally determined nanowire cross-section of 100 20 ¥ nm 2 might be caused by uncertainties in the exact determination of the gold susceptibility.
The optical response of a simple gold grating without the nearby silver film is shown in panel (b) of Fig. 1 for TM polarization and normal light incidence. The localized plasmon resonance of the nanowires is clearly observable as a single transmission minimum. Note that the measured plasmon linewidth is slightly increased due to the influence of inhomogeneous broadening. The silver film induced modification of the spectra is highlighted in panel (c) of Fig. 1 . Instead of the single localized nanowire plasmon resonance, two transmission minima can be clearly observed in case of a stacked multilayer design. The experimentally and theoretically observed double peak structure is hence a clear signature of the induced dipole-film interaction.
We will start with a purely theoretical discussion based on numerical simulations to clarify the physical nature of the observed resonances. Actually, it is very instructive to analyze the optical response of a slightly different grating geometry first. We therefore recapitulate the fundamental properties of a stacked double grating structure based on laterally coupled wire pairs. Figure 2 (a) simultaneously dis- Fig. 2 (a) Calculated spectra of two different grating geometries (d x = 300 nm) for TM polarization and normal light incidence. The transmission spectrum of a pure gold grating (dashed line) is compared with the spectrum of a similar double grating structure (solid line) with L sp = 40 nm. Additionally, the calculated absorption spectrum (shaded area) of the coupled grating structure is plotted. The characteristic charge distribution of the fundamental plasmon modes in the coupled nanowire geometry (wire-wire coupling) is pictorially displayed in panel (b). plays the transmission spectra of a simple planar gold grating and of a more complex double layer structure (i.e., two stacked gold nanowire arrays covered by quartz and spatially separated by a 40-nm-thick spacer layer). As schematically illustrated in panel (b) of Fig. 2 , the observed splitting into two transmission minima in case of the stacked grating structure (solid line) is a clear result of plasmon hybridization. Characterized by their specific charge distributions, antisymmetric and symmetric plasmon modes are supported simultaneously [7] . While the antisymmetric or magnetic plasmon mode is redshifted in comparison to the bare resonance (dashed line) of the single layer grating, the spectral position of the symmetric or electric plasmon resonance is increased in energy. Generally, the observed spectral splitting indicates a strong spacer layer dependence (not shown).
The optical response of the multilayer grating-film structure ( 20
on the other hand is exemplary displayed in Fig. 3 (a) . Although the spectra look quite different, some of the characteristic properties of the double layer grating, i.e., wire pair geometry are reflected. In particular, the magnetic plasmon mode is directly mimicked by the interaction between the wire plasmon and its own image as sketched in Fig. 3 (b) . The symmetric mode of Fig. 2 (b) does not exist in case of image coupling. The bare localized magnetic mode of the grating-film structure can be found at 1.41 eV in Fig. 3 (a) . Note that the specific nature of the localized magnetic plasmon mode (i.e., inductor-capacitor circuit) can be directly visualized by plotting the numerically calculated field distribution [8] . However, a second pronounced mode can be identified at 2.28 eV. This resonance is caused by the grating-induced excitation of an extended surface plasmon mode at the nearby silver film. The electromagnetic coupling between the supported localized and delocalized plasmon modes can be controlled by changing the spacer layer thickness, the grating period, or the illumination angle. Here, we restrict all further discussion to the influence of the spacer layer thickness. We have to remark that the fundamental phenomenon of plasmon-plasmon interaction is directly related to the so-called waveguide-plasmon polariton formation in metallo-dielectric photonic crystal slabs [9] .
The influence of the spacer layer on the optical properties is highlighted in panels (a) and (b) of Fig. 4 . Calculated transmission and absorption spectra are shown for a grating-film structure with a constant nanowire period of 300 between the localized nanowire plasmon and its own induced image. The linear restoring forces which arise due to the collectively displaced nanowire conduction band electrons are hence effectively reduced. On the other hand, the upper weaker pronounced transmission minimum is blueshifted simultaneously. This shift is related to the gradually modified character of the involved grating-induced surface plasmon mode. The Bragg surface plasmon mode which is mainly localized at the silver-substrate interface (corresponding to a negligible thickness of the spacer layer) is transferred into the short range surface plasmon mode of the more symmetric film structure (corresponding to a thin silver film between quartz half spaces, indicated by the dashed vertical line). Note that the coupling between localized and delocalized modes leads to an enhanced resonant absorption for structures with intermediate spacer layer thicknesses ( 100 sp L ª nm). In panels (c) and (d) of Fig. 4 , three characteristic transmission spectra of the displayed series (dashed lines in panel (a)) are finally compared with experimental results to verify the numerical simulations. The calculations reveal excellent agreement with the shown experimentally measured spectra.
In conclusion, we have analyzed the electromagnetic interaction between a localized particle plasmon resonance and a delocalized surface plasmon mode in a multilayer photonic crystal slab. The experimental and theoretical results clearly reveal a characteristic mixing of the plasmon modes. The presented interaction phenomena are important for the optimization of future plasmonic nanodevices.
